Abstract: Conical scans of Doppler LIDAR were made at a specific elevation angle to monitor the wind fields in cases of plume dispersion in western Australia. To better visualize the airflow patterns in relation to the plume direction, variational analysis is performed on the radial velocity data of the LIDAR to retrieve the 2D wind fields. Compared to the 4DVAR method, the 2D variational analysis as adopted in the present paper is computationally more efficient yet provides sufficient details of the flow patterns. Examples of the plume dispersion are shown with the 2D analyzed wind fields as presented in the paper. In general, the analyzed wind fields are consistent with the plume directions as observed from the backscattered power data of the LIDAR.
INTRODUCTION
A 2D wind retrieval algorithm developed for the Hong Kong International Airport [1] is used to derive the wind field from the Doppler LIDAR conical scans for an analysis of the plume dispersion at the Wagerup air quality monitoring experiment in Western Australia in 2006. The radial velocity data obtained from Doppler LIDAR scans are not straightforward for an interpretation of the wind vectors for relating to the plume dispersion. It would be quite handy to have the full wind vectors overlaid on top of the radial velocity data to assist the analysis of the wind dynamics and the dispersion mechanism. The 2D wind retrieval method is computationally more efficient than the four dimensional variational (4DVAR) LIDAR data analysis [2, 3] .
Two cases (on 18
th and 29 th August 2006) are selected for testing the 2D wind retrieval algorithm in different meteorological conditions to show the capability and efficiency in providing wind vector overlays on the LIDAR scanning cones. The 2D wind retrieval technique based on a variational method is described in the next section and the comparisons with available point measurements are given in Section 3. Details regarding plume dispersion and wind dynamics are discussed in Section 4. The conclusions are given in Section 5.
2D VARIATIONAL WIND RETRIEVAL METHOD
Details of the retrieval method are given in [1] . Only a summary of the major steps of the method are mentioned here. The cost function J to be minimized is given by: 
COMPARISON WITH THE AVAILABLE SODAR AND ANEMOMETER MEASUREMENTS
The LIDAR in use in the present paper has a wavelength of 2 microns. It has a spatial resolution of about 100 m. PPI scans are updated every few minutes.
Wind measurements from other available instruments have been collected at the same time when the LIDAR performed its scanning at Wagerup (Fig. 1) , a suburb located south of Perth near 20 km away from the coast of the Western Australia. There were five anemometers and a sodar placed around the LIDAR at the same period of time with most of them situating at the eastern side. An aluminum refinery plant is located right to the north of the anemometer AnaE and at about 1.5 km to the eastern side of LIDAR. LIDAR was placed temporarily on an elevated flat platform and the surrounding view is clear while LIDAR scans at an elevation angle above 2.5 degrees. Any scanning elevation angle below 2.5 degrees can be blocked by tall trees and other hard objects at the eastern, south-eastern and the northern side of the Lidar. Time series of continuous Planposition Indicator (PPI) LIDAR scans at 2.5 degree elevation angle are used for processing through the 2D wind field retrieval algorithm, and the wind vectors intersecting the verticals of all available sodar and anemometers are extracted for comparison.
The 2D wind vector retrieved from the LIDAR data are compared with the sodar measurements (wind speed and wind direction). Good agreement between the LIDAR-analyzed and the sodar measured wind speed and direction are shown on 29 th of August between 3 a.m. and 9 a.m. (Fig.  2) even that the comparison is not exact in terms of the sampling time and space. The 2D algorithm retrieved wind vector is compared to the wind vectors at the two different levels of the sodar. In addition to the spatial difference in comparison, there is also time averaging difference in sodar data (15 minutes) and LIDAR data (basically instantaneous). The 2D wind retrieval algorithm processes through the full PPI scans collected around a minute, which is much less than the sodar data averaging time. Deviation in wind direction increases as shown in Fig. (2b) around 6 a.m. when the horizontal wind weakened and turned to have westerly component. Similar results are obtained from the analysis on 18 th of August (not shown). In that case, the wind speed is also slightly higher for the LIDAR-retrieved winds when comparing to the sodar measurements (not shown). The comparison is not so good on 18 th , probably due to the greater variation of the wind direction with height in the first hundred metre above ground on 18 th when comparing with the wind direction profile on 29 th August (Fig. 3) .
The 2D wind vectors retrieved from the LIDAR are compared with the anemometer measurements (wind speed and wind direction). Comparisons to anemometer measurements are not as good as expected due to the large difference in altitude (> 50 m) and the inherent difference between LIDAR and anemometers measurements (length of range gate of ~100 m vs basically point measurement). The only anemometer that has less than 50m difference in altitude is the AnaE located at the eastern wing of the LIDAR (location in Fig. 1) . Comparisons on both days between 2D analysis results and AnaE readings are still quite satisfactory. Larger difference appears in wind direction during the wind direction transition when the lower level wind rotates (Fig. 4) . The rotation of the lower level wind also appears in the sodar measurements (67m level at around 7 a.m. on 18 th and 6 a.m. on 29 th of August, Fig. 5 ) and, at the same time, the wind speeds drop. The rotation of the lower level wind observed by both LIDAR and sodar of the decoupled lower surface layer, at the time when the lower level strong inversion appears (with a height of about a hundred metre, see the potential temperature profiles in . 3) , is likely linked to the blocking of sea-breeze-like front from the west southwest of Wagerup by the escarpment at the eastern side of LIDAR. Further investigation is required to be made in the future to understand the formation mechanism of such phenomenon.
CONSISTENCY OF THE 2D WIND FIELD AND PLUME DISPERSION
Time series of the wind vectors are derived by the 2D algorithm on both 18 th and 29 th of August. Examples of the analyzed results are given in Figs. (6, 7) to display the consistency of the wind field and the dispersion of the smoke plumes on the PPI cones. The smoke plumes are based on backscattered power data of the LIDAR. From the wind vector field shown, either half an hour or an hour apart, the rotation of the overall wind field can be observed. On 18 th during the presented hours (4:33 a.m. ~ 7:05 a.m.), the overall wind direction slowly changes from northeasterly to northerly with the lower level winds blowing in nearly opposite directions around the LIDAR at about 5:49 a.m. and 6:39 a.m. The lower level wind changes also appear on the radial velocity plots with the negative radial wind components appearing at the western side of LIDAR. As discussed in Section 3, this change of wind direction may be related to the decoupling between the lower surface layer and the layer aloft. The reasons for the occurrence of this decoupling require further study.
The superimposed plots of the smoke plumes on the wind vectors field seem to follow the wind direction quite well. Especially for the plot shown at 6:39 a.m., it is clearly exhibited that the smoke aggregated right at the location where the wind flow actually converges at the southwestern side of LIDAR. Plumes near stacks drift more to the left by the lower level easterly component at the same time compared with the plume dispersions at the earlier times. At 7:05 a.m., the northerly winds prevail over eastern side of the LIDAR and the smoke plume spreads further southwards. During the measurement campaign, NOx measurements were collected continuously next to the sodar site (location in Fig. 1) . At the downstream location of plumes around this particular time, we have also detected a peak of the higher NOx concentrations (Fig. 8a) . 
On 29
th , the tail of the smoke plumes extended longer for more than 6 km by the stable north to northeasterly. It is shown that the overall wind field slightly rotates during 4:29 a.m. to 5:50 a.m. from northeasterly to northerly. The superimposed smoke plumes appear to follow the advection of the wind well on the plots except for the last plot (5:50 a.m.) around the tail of the plumes (Fig. 7) . The mismatch is possibly caused by the lack of LIDAR data points after noise filtering of the velocity data at the longer ranges. Smoke appearing at the northern side of the LIDAR in Fig. (7) at about 5:50 a.m. is likely coming from the stacks due to the reverse south-westerly at the lower level. The smoke at the western side of the LIDAR at that time is due to the burning events at the farm area.
Again, around 5:00 a.m. ~ 6:00 a.m., the NOx measurements are slightly higher than the average as shown in Fig. (8b) . During this hour, the plume tail appeared in Fig.  (7) extends across the location where NOx measurements were made (same location of measurement as the previous case). 
CONCLUSIONS
The 2D wind retrieval algorithm has demonstrated its capability in providing useful 2D wind vector field based on LIDAR data for assisting the monitoring of smoke plumes and the determination of the related dispersion mechanism. The wind changes in the lower part of the atmospheric boundary layer are readily visualized in the 2D wind field as presented in the above two cases. Future works are suggested to quantify the deviations between 2D retrieved wind vectors and the anemometer measurements if the spatial and time averaging differences in the measurement can be reduced. It will also be useful to expand the ability of the 2D wind retrieval algorithm to analyze each layer of the volume LIDAR scan (at several elevation angles) acquired by different scanning patterns to understand the 3D wind structures. 
